We present cleared tissue Axially Swept Light-Sheet Microscopy (ctASLM), which achieves sub-micron isotropic resolution, high optical sectioning capability, and large field of view imaging (870×870 µm 2 ) over a broad range of immersion media. ctASLM can image live, expanded, and both aqueous and organic chemically cleared tissue preparations and provides 2-to 5-fold better axial resolution than confocal or other reported cleared tissue light-sheet microscopes. We image millimeter-sized tissues with sub-micron 3D resolution, which enabled us to perform automated detection of cells and subcellular features such as dendritic spines.
Human tissues are composed of multiple polarized cell types organized in well-defined three-dimensional architectures. Interestingly, it has been shown that rare subsets of cells can play a crucial role in disease progression. 1 Consequently, interdisciplinary efforts now aim to generate comprehensive atlases of human cells in diverse tissue types.
To date, this has largely relied on massively parallel sequencing and machine learning-based analyses to identify distinct sub-populations of cells. 2 Combined with advanced imaging, such efforts could not only shed light on the diversity of cell types, but the biological context in which each population operates. However, imaging large tissue with single cell and even subcellular resolution remains challenging because of the heterogeneous refractive index and composition of tissues, which results in complex aberrations and an increased scattering coefficient, both of which decrease spatial resolution and limit imaging depth. 3 To circumvent this challenge, a large variety of optical clearing techniques have been developed that aim to homogenize the optical properties of the tissue using either aqueous [4] [5] [6] or organic [7] [8] [9] solvents. Today, these techniques now routinely render biological specimens sufficiently transparent, such that -if the imaging technology were to existentire organs could be imaged with subcellular resolution and molecular specificity. 10 As the specimens are threedimensional (3D), an ideal imaging system should possess isotropic, subcellular resolution, in order to accurately measure 3D cellular morphology and signaling activity. 11 Nevertheless, imaging chemically cleared specimens with diffraction-limited or super-resolution presents technical challenges. 12 For example, each clearing mechanism provides distinct advantages and disadvantages, and requires unique immersion media with refractive indices that range between 1.33 and 1.56. Thus, the imaging system must optimally operate throughout this refractive index range without suffering from deleterious aberrations, which decreases both resolution and sensitivity.
Light-sheet microscopy, because of its parallelized image acquisition, inherent optical sectioning, and ability to image large biological structures quickly and with high optical resolution, serves as an ideal candidate for cleared tissue imaging. 13, 14 Nevertheless, to the best of our knowledge, there is not yet a light-sheet microscope for cleared tissue specimens that possesses submicron, isotropic resolution, and is also compatible with the full range of clearing methods.
7,
15-17 Here, we address these limitations, and present a scalable imaging platform that provides sub-cellular anatomical detail in any spatial dimension across millimeter cubes of tissue. The system, which we refer to as cleared tissue Axially Swept Light-Sheet Microscopy (ctASLM), combines high-speed aberration-free remote focusing (Supporting Note 1), refractive index-independent illumination and detection optics, residual aberration correction, and syncronous camera readout to achieve sub-micron isotropic resolution throughout a volume of 870×870×5,000 µm 3 with high optical sectioning capability (Figure 1a) . 18, 19 By tiling and stitching multiple volumes, 20 ctASLM permits routine visualization of sub-cellular features throughout millimeters of tissue, regardless of the clearing method.
To evaluate the performance of the microscope, we imaged sub-diffraction beads with ctASLM, a conventional light-sheet microscope, an Airy Scan confocal microscope, and a lattice light-sheet microscope, each equipped with long working distance multi-immersion objectives (See Methods). Owing to the tradeoff between axial resolution and field of view (here 870 x 870 µm 2 ), the conventional light-sheet microscope achieved a resolution of 1.04 ± 0.04 laterally and 6.7 ± 0.4 µm axially, respectively. Airy Scan improves both the lateral and axial resolution to 0.32 ± 0.03 and 3.1 ± 0.4 µm, respectively. Lattice light-sheet microscopy, adapted to cleared tissue imaging, improved the axial resolution to 1.53 ± 0.06 µm with a lateral resolution of 0.9 ± 0.1 µm, but at a cost of a 95-fold smaller field of view compared to the conventional light-sheet microscope. 21, 22 In contrast, ctASLM achieved 0.90 ± 0.03 and 0.85 ± 0.03 µm lateral and axial resolution, respectively, over the full field of view (Figure 1b, Supplementary Figures 1 and 2 Figure 3) . Owing to ctASLM's excellent optical sectioning and high-quality raw data, deconvolution is not mandatory (Supplementary Figure 4) . Indeed, neurons could be traced in any spatial dimension simply using the unprocessed data (Figure 1c, and 1d) . In comparison to a conventional light-sheet microscope (Figure 1e ), individual synaptic spines were clearly resolved even in the axial direction (Figure 1f) .
Importantly, different biological tissues require specific clearing methods, each with their own solvents and labeling strategies. Thus, we sought to evaluate ctASLM's performance in solvents with refractive indices between 1.333 (water) and 1.559 (BABB). In aqueous solutions, we resolved fine vascular detail in a live zebrafish expressing an endothelial reporter (Figure 2a) , and visualized large-scale dendritic projections in chemically expanded hippocampal slices (Supporting Using the chemical clearing method PEGASOS, we imaged the entire murine olfactory bulb (Supporting Movie 4).
Lastly, we imaged an entire BABB cleared neonatal kidney, labeled with a vasculature marker Flk1-GFP, encompassing 3.4×2.6×2.5 mm 3 (Figure 2d , Supporting Movie 5). Throughout the entire volume, we maintained sufficiently high spatial resolution to distinguish individual nuclei (Figure 2e, Supplementary Figure 6 ).
Given ctASLM's isotropic resolution, large field of view imaging, and excellent optical sectioning, we were able to extract quantitative biological information from our imaging data. Using open source software, we were able to not only readily detect dendritic spines but also cluster spines based on their 3D morphology (Figure 3a , and Supplementary
Movies 6 and 7)
. 23 These clusters span a wide range of spine morphologies (Figure 3b) , form a structured space following principal component analysis (Figure 3c) , and are separable via interpretable measures, such as the ratio of spine neck area to spine surface area (Supplementary Figure 7) . For the kidney, glomeruli serve as the most basic filtration unit, and damage to glomeruli is associated with a spectrum of clinical outcomes, including proteinuria and reduced filtration, which are the hallmarks of chronic kidney diseases. To evaluate tissue composition in an automated fashion, we developed a multiscale watershed algorithm to identify individual glomeruli (Figure 3d In summary, ctASLM provides subcellular detail and tissue scale anatomy. As tissues are inherently 3D, the isotropic resolution of ctASLM is an important attribute to describe 3D morphologies and molecular concentrations in an unbiased way. ctASLM imposes a higher out-of-focus excitation load on the sample than a conventional light-sheet system and illuminates a smaller portion at a time, both of which can increase photobleaching. While we were not limited by photo-bleaching on the samples we imaged, we note that ctASLM is compatible with light-sheet engineering via Field Synthesis to optimize confinement and axial resolution (Supplementary Note 3) . We anticipate that higher overall 3D resolution can be achieved by the development of higher NA, long working distance objectives. Such a system will likely require adaptive optics to realize the best resolution deep in tissues, a need we already see for our current system when imaging in CLARITY cleared brains (Supplementary Figure 6 ). With the given resolution level, we readily show that we can combine ctASLM with computer vision to detect and classify biological features throughout millimeters of tissue.
Consequently, we believe that ctASLM will expedite human cell atlas efforts, providing much-needed insight into how tissue function manifests in both health and disease, from the heterogenous cellular populations that compose it. Tricaine is added to anesthetize the zebrafish embryo. About 50 µL of the mixture of the Tricaine and E3 medium is removed, and then the liquid low-melting agarose is added on the zebrafish embryo. The zebrafish embryo in the liquid agarose is aspirated directly into the clean FEP tube with a pipette. Within a few minutes, the agarose is solidified, and the zebrafish embryo is mounted in the FEP tube. For the last step, we use a needle to poke two holes on the FEP tube above and below the zebrafish embryo to increase the gaseous exchange allowing the embryo to breathe. The zebrafish embryo is then transferred into the microscope chamber and ready to be imaged.
Figures

CLARITY Brain
Thy1-eYFP brain were extracted and cleared using passive CLARITY 27 with the following hydrogel monomer (HM) 29 and resulting mice were termed cFosxAi9 mice. Briefly, animals were anesthetized with IP injections of ketamine/xylazine (120mg/kg ketamine and 16mg/kg xylazine). After verification of complete anesthesia via the toe pinch test, the chest cavity was exposed and a syringe needle was inserted into the left ventricle. Mice were perfused with 20mL of PBS solution followed by 20mL of a 4% PFA Solution. After perfusion, mice were decapitated and the brain, including the olfactory bulbs, were carefully dissected out and placed into 4% PFA solution overnight. These samples were then cleared using the PEGASOS method as described in Jing et al. 30 All samples were kept at 42°C for this process. Briefly, samples were decolorized for 2 days in 25% Quadrol before undergoing delipidation in a series of 30%, 50%, and 75% tert-Butanol solutions. This was followed by a final delipidation step with TBP (75% tertbutanol and 25% PEGMMA solution). Finally, samples were submerged in BB-PEG (75% benzyl benzoate, 22% PEGMMA, 3% Quadrol) until imaging. These data shown here were based upon a male mouse aged 3.32 months.
Bone Marrow
Processing of these samples were carried out as previously described in Acar et al. 24 Briefly, intact bone marrow plugs from freshly dissected tibias of 6−8-week-old female mice were extruded from the bone using a PFA-filled syringe with a 25-gauge needle and placed directly into 4% PFA solution for 6 h at room temperature. Fixed plugs were then washed in PBS and blocked in whole mount staining medium (PBS with 5% donkey serum, 0.5% NP-40, and 10% DMSO) overnight at room temperature. After blocking, plugs were stained for three days at room temperature with primary antibodies (chicken anti-GFP: GFP-1020, Aves Labs and goat anti-c-kit: BAF1356, R&D Systems) in staining solution. Then the tissues were washed multiple times in PBS at room temperature for one day and put into staining solution containing secondary antibodies (Alexa Fluor 488-AffiniPure F(ab')2 fragment donkey anti-chicken IgY and Alexa Fluor 647-AffiniPure F(ab')2 fragment donkey anti-goat IgG) for three days followed by a one-day wash to remove any unbound secondary antibodies.
Samples were cleared using PEGASOS clearing protocol, previously described in Jing et al. 30 Briefly, marrow plugs were embedded in 2% low melt agarose in water and were dehydrated in a series of 30%, 50%, 70%, and 100% Tert-Butanol.
Each step was performed for 8 hours at room temperature. Samples were then refractive index matched overnight at room temperature in BB-PEG. BB-PEG was prepared as a 3:1 mixture of benzyl benzoate (BB) (Sigma-Aldrich B6630) and PEGMMA500 (Sigma-Aldrich 447943) supplemented with 3% w/v Quadrol (Sigma-Aldrich 122262). Samples were imaged 1 day to 2 months after initial refractive index matching without significant loss of endogenous TdTomato or Alexa Fluor signal.
Isolated Hippocampus
Thy1-GFP mouse was transcardially perfused with cold PBS first, then 4% PFA in PBS for fixation. The brain was taken out and put in 4% PFA in PBS overnight at 4°C, then 2 mm thickness hippocampal slices was cut with vibratome coronally. The hippocampal slices were then cleared with PEGASOS clearing protocol, previously described in Jing et al. 30 Briefly, the slices were decolorized in 25% Quadrol for 1 day, then delipidated in series of 30%, 50%, 70% Tert-Butanol solutions, dehydrated in tB-PEG, and finally cleared in BB-PEG.
Expanded Hippocampus
Thy1-GFP mouse was transcardially perfused with cold PBS first, then 4% PFA in PBS for fixation. The brain was taken out and put in 4% PFA in PBS overnight at 4°C, then 0.1 mm thickness hippocampal slices were cut with vibratome coronally. Samples were processed according to the original protein-expansion microscopy procedure. 21, 31 Briefly, slices were permeabilized using 5% BSA, 0.5% Triton X-100 buffer for 1 hour and incubated overnight with a coupling reagent 0.1% acryoyl-X succinimidyl ester in PBS. 31 
Data analysis
HSC Detection
HSCs were detected as previously described. 24 Briefly, individual alpha-catulin-GFP+, Kit+ HSCs were identified manually using the orthoslicer function of Bitplane Imaris v9.2.1 software. HSC coordinates and size were interactively annotated using the Imaris spots function in manual mode. Kit and LepR TdTomato surfaces were generated in Imaris using iso-surface function based on an empirically chosen intensity threshold.
Glomeruli Detection
In an effort to automatically detect the abundance of glomeruli throughout the entire neonatal kidney tissue, subvolumes (1024 x 1024 x 470 pixels) were retrieved from the stitched volume (3042 x 4018 x 2757 pixels) and loaded into MATLAB. Sub-volumes were subjected to a three-dimensional Gaussian blur of 20 pixels before individual glomeruli were detected using an auto-adaptive watershed algorithm implemented in MATLAB. 34 This algorithm uses a difference of Gaussians to suppress features that are either too large or small, here defined as 100 and 10 pixels, respectively.
Segmented objects touching the border of the sub-volume were removed. After identification of glomeruli, the encompassing region was again loaded into MATLAB, and the full resolution was subjected to the same watershed algorithm, but with a difference of Gaussian of 10 and 2 pixels, respectively.
Spine Detection and Clustering
We detected spines using previously described software. 23 Images were first deconvolved for 10 iterations using the MATLAB function deconvblind(), which uses a maximum likelihood algorithm to infer the fluorescence distribution in the sample. Following a gamma transform of 0.4 and 3D hole filling, a triangle mesh representing the cell surface was created as an isosurface at the Otsu threshold value of the image. The mesh was next decomposed into approximately convex patches using the parameters previously described, 23 except that merging via the triangle criterion was disabled and merging via the line-of-sight criterion was performed more conservatively with a parameter of 0.8. Training data for patch merging and patch classification machine-learning models were then generated from nine non-overlapping images of size 200 pixels in the lateral dimensions and approximately 150 pixels in the axial dimension. These nine images were cropped from eight larger images. Using leave-one-out cross validation on patches labeled as certainly spines or certainly not spines, we calculated that our spine detection workflow had a precision of 0.86 and a recall of 0.88.
We performed an unsupervised clustering of detected spines into 15 clusters using agglomerative hierarchical clustering. For each cluster, we calculated the median of each of the morphological feature vectors used for clustering and plotted the spine closest to that median (Figure 3b) . Only the clusters with a median spine attached to the neuron body were plotted. Principal component analysis was performed on these same features. We defined the spine neck surface area, as the patch closure surface area. We previously defined 23 the closure surface area as the additional surface area needed to minimally generate a closed polyhedron from the open polyhedron comprising the dendritic spine. We also defined the variation from a sphere by fitting each spine to a sphere and measuring the ratio of the standard deviation of distances from the sphere at each mesh face to the sphere radius.
Segmentation of Neurons
The mouse brain volume was tiled in sub-volumes for parallel processing, and the signal was enhanced using a volumetric Laplacian-of-Gaussian transform with an isotropic scale of 1.5 voxels. The resulting volume was then transformed into a triangular mesh using an empirically chosen threshold. In order to reduce clutter, only the connected components with volume superior to the 99 percentiles of all connected component volume are displayed in Figure 2c . The algorithm is
implemented using the open-source G'MIC software (https://gmic.eu), and the mesh was imported into Meshlab 35 for coloring and image capture.
Statistics and Reproducibility
For statistical analysis, we report the mean, standard deviation, and number of observations. For PSF measurements of ctASLM, lattice light-sheet and conventional light-sheet, the full width half maximum (FWHM) for five green fluorescent beads was measured. For the Airy Scan microscope and the deconvolved ctASLM data, the FWHM for three beads was measured. Zebrafish embryos were imaged three times. Only one CLARITY brain sample was used, but it was imaged multiple times. Two expanded brain tissue slices were produced and imaged. Segmentation of Neurons was perfomed on one data set from a CLARITY brain sub-volume and on one data set from a hippocampal slice sub-volume with PEGASOS. In all cases image performance was checked by measuring point or filament like objects and image blur was analyzed by looking at cross-sectional slices. Synaptic spines were detected on two different sub-volumes.
Data Availability
The datasets acquired for this study are available from the corresponding author upon request.
Code Availability
The instrument control software can be requested for academic use from the corresponding authors and will be delivered under material transfer agreements with HHMI and UT Southwestern Medical Center.
Supplementary Notes Note 1 -Remote focusing technologies for ASLM
Various actuation principles have been used to scan light-sheets in their propagation direction, including resonant acoustic lenses, 36 binary holograms, 22, 37 electro-tunable lenses, 38 and aberration-free remote focusing. 19 While most of these techniques simply introduce a defocus term to the wavefront, only remote focusing with a matched secondary objective compensates for higher order aberrations. Simulations assuming ideal operations of an electro-tunable lens showed that the Strehl ratio would drop by 28%, and that the confinement of the light-sheet gets worse. For these reasons we chose remote focusing with a separate objective. Furthermore, the multi-immersion objectives do not possess a correction collar, however, remote focusing allows us to compensate for spherical aberration: by using a remote air objective that was originally designed to image through a small layer of water, this opens the possibility for remote aberration correction: We can compensate remaining spherical aberrations (imperfection of lenses, but also chromatically varying aberrations) of the system by inserting or removing blocks of glass. Note that with a purely air corrected objective (coverslipfree design), one could only correct one sign of spherical aberration, as one can only insert materials with a refractive index higher than one. With the objective designed for partial imaging in air and water, we can correct in principle remotely for spherical aberrations of either sign. Another requirement for ASLM using medium to high NA objectives is the precise waveform control. We found that using the voice coil actuator, we could achieve sufficiently linear remote focusing scans at 10 Hz. This corresponds to a maximum imaging frame rate of 100 ms, which we found in practice to be a suitable imaging rate for most samples (balance between acquisition rate, signal strength and needed excitation power).
Note 2 -Axial resolution and multi-immersion compatibility
In an epifluorescence microscope, axial resolution is determined by the numerical aperture of the objective. For cleared tissue imaging, the highest NA objective optimized for visible wavelengths is to our knowledge the HCX APO L20x/0.95 immersion objective (Leica). However, even using this objective for confocal microscopy, the axial resolution is ~3 microns, which is insufficient to resolve subcellular features such as spines (Supplementary Figure 12) . For lightsheet microscopy, the axial resolution is governed by the product of the axial excitation intensity profile and the detection PSF. For conventional Gaussian light-sheets, the width of the sheet may exceed the axial extent of the detection PSF. In this scenario, axial resolution is mainly dominated by the detection NA, which explains the rather poor axial resolution we measured on our conventional light-sheet implementation.
Given that ctASLM is implemented with two identical objectives for excitation and detection, and the full NA is used for light-sheet generation, the axial and lateral resolution become close to identical. As the width of the illumination beam is narrower than the extent of the depth of focus (~6 microns), the axial resolution is mainly determined by how thin the lightsheet is (e.g., the illumination NA). This property allows ctASLM to use recently developed multi-immersion objectives of medium NA (0.4) for both detection and excitation. These objectives were designed to operate without a correction collar, but instead feature a concave front lens element that minimizes refraction at the lens-medium interface. In our experiments, we confirmed that the lenses perform in a near diffraction-limited regime over a refractive index range of 1.33 to 1.55. This gives ctASLM an axial resolving power that would be hard to match by confocal microscopy, as this would require the development of high NA lenses, which in turn would be more susceptible to refractive index mismatches.
Note 3 -Compabitliy of ASLM with Field Synthesis
ctASLM uses Gaussian light-sheets for excitation, which are responsible for its high-optical sectioning power.
However, to optimize axial resolution and spatial duty cycle (how much of the focal plane is illuminated by the beam waist at a time), advanced light-sheets could be used. Through the recently discovered Field Synthesis theorem, 25 such lightsheets can be generated by a simple scan of a line profile over a pupil mask. This approach can conceptually be incorporated into the presented ctASLM platform by using a normal galvanometric mirror instead of the resonant one, introducing one more telescope between the galvo mirror and the remote objective and by inserting an amplitude mask in a conjugate pupil plane (Supplementary Figure 13) . 
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